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Abstract 
State of the art for producing 3-dimensional formed plastic shields is the use of mould blocks that are milled on machining 
centers. This paper describes the replacement of traditional mould blocks by a novel automated reusable mould and tooling 
system that produces good forming results at low investment costs. The reconfigurable tooling system replaces commonly used 
mould blocks. Two major issues will be addressed. The first aim is to identify principles for low tooling costs, while the second 
focuses on the improvement of a forming process suitable for the system so that this can be used for a broad range of products. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Plastic shields are increasingly replacing the conventional 
glazing material glass to reduce the weight. Although weight 
reduction is of primary importance in the use of plastic resin, 
the design freedom of this material is also a major criterion. 
Plastic shields are typically used in helicopters, machine tools, 
as visors and for glazing components of cable cars. The 
market currently tends to replace shields in working machines 
as well as in private vehicles. Injection moulding or injection 
compression moulding processes are commonly employed for 
the mass production of plastic shields. Thermoforming is used 
for small lot sizes or prototypes because the tools for this 
method are cheaper than injection moulding tools [1]. One 
major disadvantage of this process is that a new mould has to 
be machined for each contour. This is very cost-intensive and 
greatly increases the expenses for engineering with each 
newly designed prototype. The mould with the size 2000 x 
2000 x 1000 mm can then cost anything up to € 12,000 
depending on its size and the material used, for example 
polyurethane or aluminum. 
Furthermore, product life cycles have become very 
dynamic and have thus led to a decrease in batch sizes. Hence 
the number of product variants increases, resulting in a 
growing demand for moulds [2]. Reconfigurable tooling 
concepts appear to be a promising choice to satisfy the market 
requirements, to save resources and to reduce labor costs. 
They do away with the overall milling process for the mould 
and also avoid the costly storage of the moulds. 
The scope of the research project presented within this 
paper is therefore the development of a reconfigurable tooling 
system. Its aim is to replace the time- and cost-consuming 
process by a reconfigurable tooling system that is able to 
provide a desired 3-dimensional-contour. Since the system 
should be suitable for a broad range of thermoplastic materials 
and affordable for small and medium-sized thermoforming 
companies, the investment costs have to be low and it has to 
satisfy the demands on high quality of the optical properties.  
Different approaches have to be examined at the outset to 
find the ideal reconfigurable tooling system for such 
applications. The solution found then has to be investigated 
with respect to economic principles. The system that is finally 
 2014 Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://cre tivecommons.org/licenses/by-nc-nd/3.0/).
election a d peer-review under responsibility of the Internationa  Scientifi c Committee of “The 47th CIRP Conference on 
Manufacturing Systems” in the person of the Conference Chair Professor Hoda ElMaraghy” 
854   Dominik Simon et al. /  Procedia CIRP  17 ( 2014 )  853 – 858 
built is validated by forming tests using polymethyl 
methacrylate (PMMA), also called acrylic glass. 
2. PROCESSES FOR THERMOFORMING PLASTIC 
SHEETS 
State of the art for producing 3-dimensional formed plastic 
shields is the use of mould blocks that have been milled on 
machining centers. Various thermoforming methods exist to 
generate the final shape of the shield, including stretch 
forming, vacuum forming, blow moulding, or positive-
negative forming on the mould (Figure 1a). [3] 
Drape forming is usually used to realize, simple 2-
dimensional forms. The plastic sheet is initially heated in an 
oven and placed on a mould which is covered with a friction-
reducing material. A distributed force load is applied to the 
whole surface with a stretched cloth to press the material on 
the form. Drape forming methods are often applied for 
automotive windshield prototypes made of acrylic glass 
(Figure 2a). Due to the low forming forces of this process, the 
moulds can be made of cheap materials such as wood or 
polyurethane foam. 
More parts can be formed with a complex shape using 
stretch forming. The heated material is tightened in a 
clamping frame and stretch-formed over the mould (Figure 
1b) so the material can flow and thus becomes thinner during 
the process. This is necessary to prevent folds in the forming 
result. The method is used to produce 3-dimensional caps 
such as those shown in Figure 2b. The moulds are usually 
made of polyurethane foam, which makes the process a 
moderately cheap solution 
Parts that have a depression can also be manufactured with 
vacuum forming. The method differs from stretch forming 
inasmuch as an additional vacuum is applied. The vacuum 
draws the material to the mould (Figure 1c). This process can 
produce sharp edges and turning points in the material. Parts 
such as those shown in Figure 2c can be formed with this 
method. The moulds are usually made of aluminum and 
therefore lead to high costs. 
Another method is blow moulding. This is similar to 
vacuum forming, but negative moulds and compressed air are 
used instead of a vacuum (Figure 1d). The accuracy of a 
shape in this case is determined by the outer face of the 
formed disc since this is in direct contact with the mould. In 
case of vacuum forming it is determined by the inner face. 
A further process is positive-negative forming. In this 
process the material is placed between a positive and a 
negative mould (Figure 1e). The method is used to shape parts 
with a simple geometry. The moulds may be made of cheap 
materials such as wood and polyurethane foam or higher 
quality material such as aluminum. 
The listed processes can also be combined with another. 
This will not be discussed further. More information can be 
found in [1]. 
Apart from the different processes, one also has to 
differentiate between the temperatures at which the forming 
process is performed. Moulding operations above the glass 
transition temperature are faster. The forming process takes 
longer at temperatures below the glass transition temperature. 
Only forming processes above the glass transition temperature 
will be addressed in this paper. Drape forming, stretch 
forming, and vacuum forming are considered whereas blow 
moulding and positive-negative forming will be ignored. 
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Fig. 1. (a) Drape forming; (b) Stretch forming; (c) Vacuum forming; (d) Blow 
moulding; (e) Positive-negative-forming. 
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Fig. 2. (a) Example of drape forming [source: Hauk Modell und Formenbau 
GmbH];; (b) Example of stretch forming [source: Hauk Modell und 
Formenbau GmbH]; (c) Example of vacuum forming [source: nordform 
Max Storch GmbH & Co. KG]. 
3. RECONFIGURABLE TOOLING SYSTEMS 
3.1. Available Method  
Various approaches to building reconfigurable tools have 
been examined and evaluated to find an optimal concept. The 
method found provides a discrete surface similar to a bed of 
needles, like a pincushion. This pincushion will also be called 
a stamp matrix throughout the paper.  
There have been various attempts to produce flexible tools 
with a stamp matrix in the fields of injection moulding and 
metal forming in past research. Some approaches to obtain 
form flexibility in this field are introduced at this point. 
3.2. Other Reconfigurable Tooling Systems 
A form flexible system for the deep drawing of metal 
sheets was built at the TU Eindhoven [4]. A stamp matrix 
with 1846 elements is used in a surface area of 40 x 50 mm. 
Each stamp has a maximum lift of 25 mm. The stamps used 
have a rounded top. An elastic counter-mould presses the 
metal into the cavity during the forming process. No heating 
is provided during the process. The metal sheet is shaped at 
room temperature. The prototype of this flexible tool system 
is shown in Figure 3a. 
A form flexible tooling system for injection moulding was 
developed at the Technische Universität München (Figure 3b) 
[5]. This is characterized by a high resolution, similar to the 
TU Eindhoven system. This means that it can only be used for 
small geometries. If it were to be scaled up for larger 
geometries, the high resolution of the flexible mould would 
lead to high costs. In order to provide a more efficient system, 
this paper describes a solution which can be used to produce 
larger discs. 
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Fig. 3. (a) Flexible tooling system for metal at TU Eindhofen[4]; (b) Flexible 
tooling system for injection moulding at Technische Universität München[5]. 
The solution presented in this paper uses a larger distance 
between each of the individual stamps. A new type of 
adjustment mechanism thus had to be developed. One big 
advantage of the system that was developed is that this form 
flexible tool is much cheaper to produce. Nevertheless, there 
are certain imitations to its use due to the individual height-
adjustable pins. The solution is primarily for acrylic glass. A 
research project is currently under way at Munich University 
of Applied Science to extend its use to the material 
polycarbonate [6, 7]. 
4. Experimental Work 
4.1. Setup for Experiments and Simulation for Forming 
Plastic Sheets 
Some basic experiments and simulations will now be 
described. The experiments were carried out before work 
began on designing a form flexible tool system. Knowledge 
was gained form experiments and simulations to achieve 
optimal forming results with the form flexible tooling system. 
The experiments and simulations were carried out above the 
glass transition temperature. The processes drape forming 
stretch forming and vacuum forming are considered. 
Initial Experiments 
The stamp matrix can only rebuild the mould with discrete 
levels, but a continuous curve is needed to achieve an optimal 
quality. Several process optimizations have to be carried out 
to create this continuous curve. There are two specific 
approaches to reach this goal. Firstly, there is a stamping head 
on top of one single pin to reduce waviness Furthermore, an 
interpolation layer of silicone is used to smooth the discrete 
levels. Since there is very little experience with the flexible 
thermoforming of plastic discs, the preliminary tests described 
here were performed on a small test platform to gather data. 
The test platform is a perforated plate with manually height-
adjustable screws. Different types of stamping heads and 
interpolation mats were tested on this. 
The experimental setup is designed to be compatible with the 
thermoforming machines of an industrial user. This means 
that the experimental setup can be placed into a wooden 
frame. The top of the construction is flush with the wooden 
edge. The fitted base plate of the experimental setup is shown 
in Figure 4 and described in more detail below. 
 
Fig. 4. Experimental setup in a thermoforming machine. 
The perforated plate is the basic structure of the experimental 
set-up. The plate has 85 holes with fine-pitch internal threads. 
Screws can be inserted into the holes to map a 3-dimensional 
surface. Fine-pitch threads have been chosen to make use of 
the self-locking design and to increase the load capacity in the 
longitudinal direction of the screws. In order to improve the 
position tolerance of the screws in the holes, these can be 
fixed on the underside of the perforated plate with nuts. 
The perforated plate has a square base with sides of 240 mm 
and is 10 mm thick. The fine-pitch thread screws (ISO 8676 
M8 x 1.0) inserted into the perforated plate allow the 
adjustment of the stamp field. Since screws are available in 
lengths of 80 mm, a maximum height difference of 60 mm 
can be reached. This value results from the thickness of the 
plate and from the mounting of the nut. 
The heads of the screws are hexagonal and allow the 
mounting of the stamp heads. The stamp heads are 
manufactured in two different variants. The behavior of the 
interpolation mat can be influenced by the two variants with 
different degrees of elasticity. This affects the shape of the 
plastic disc. Both stamping head variants are made of 
polyamide (PA) 2200 and are manufactured by an additive 
laser sintering process. 
The interpolation mats are made of cast silicone (Elastosil RT 
622 A / B) and are available in three different thicknesses (5, 
10 and 15 mm). The thickness has a great impact on the 
elasticity. Due to the manufacturing process, the two sides of 
the interpolation mat differ in their surface quality. One side 
has many more pores than the other. Therefore, care has to be 
taken during the forming process to ensure that the side with 
the non-porous surface is on the upper side pointing towards 
the plastic disc. 
Figure 5 shows the full test platform described above. The 
perforated plate, the fine-pitch thread adjustment screws, the 
lock nuts, the stamp heads and the interpolation mat can all be 
seen. The results obtained on this test platform are described 
later on in the "Results" section. 
 
Fig. 5. Stamp heads and interpolation mat on the perforated plate. 
Computer-Based Simulation 
The modeling and simulation of complex tool problems by the 
finite element method offers a great potential to accelerate the 
development process. Mechanical models are constructed and 
calculated using numerical methods. The results of these 
calculations serve as a basis for decisions and help improve 
our understanding of the system. In the case of the newly 
developed reconfigurable tooling system, forces can be 
determined using the simulation. Furthermore, the overall 
formed geometry can be calculated. The result is displayed 
graphically (see Figure 6). In a further step, the simulative 
results of the formed geometry are automatically compared 
with the previously constructed target form. The automatic 
analysis in Matlab provides quantified device parameters 
within seconds. The optimum process parameters for the 
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forming process can be chosen even before the physical start 
of the form flexible tooling system thanks to the exact 
characterization of the simulated formed parts. Production can 
thus get under way faster. 
 
Fig. 6. Simulation of vacuum forming on a flexible tooling system. 
A subsystem of the reconfigurable tooling system is modeled 
in the simulation. Symmetries are used to keep the calculation 
time within acceptable limits. The present simulation consists 
of a system with 16 stamp elements with stamp heads, the 
elastic interpolation mat and the plastic disc. The parameters 
for each simulated part can be adjusted independently. Each 
stamp head can be mounted directly or on a ball bearing, 
ensuring a very variable adjustment of the surface. In the 
simulation, the stamps are considered as solid bodies. The 
interpolation mat and the plastic disc are modeled as hyper-
elastic materials during the forming process. 
The simulation allows the simulation of both the stretch 
forming as well as the vacuum forming process. During the 
forming process the height of the stamps is varied until they 
reach the target position. Simultaneously a planar 
compressive force is applied to the plastic disc to replicate the 
vacuum. The realistic form of the components is hence 
computed in the simulation. Several simulations were 
performed with different parameter settings to study the 
behavior of the materials for plastic discs during the 
thermoforming process on a flexible tool system. Both, the 
stamp heads used as well as the thickness of the interpolation 
mat and the thickness of the plastic disc were varied. All 
settings were tested for different target geometries. 
The automated analysis begins on the basis of the data records 
of the shaped geometry. The analysis in turn forms the basis 
for the evaluation of the process parameters. The simulation is 
thus a calculation tool to predict the final part geometry. The 
simulation can be modified for different applications thanks to 
its modular structure. A new part can thus already be formed 
virtually in its planning phase and production-related effects 
can be taken into account during the construction and 
planning phase. 
4.2. Flexible Forming Machine Installation 
A larger demonstrator has been designed using the knowledge 
gained from the experiments and simulations. The installation 
is a demonstrator with a stamp field large enough to be of 
industrial relevance. It is approximately 1.0 m x 0.5 m in size. 
The spacing between two stamps is 3 cm. All in all, this 
results in a field of 578 stamps. The surface is composed of 
two identically designed modules of 0.5 m x 0.5 m. Any 
number of modules can be combined for later use. This means 
that shapes can be achieved in almost any order of magnitude 
with little effort. The demonstrator can be seen in Figure 7. 
The concept results in a new application whose benefits are 
low costs and high potentials. Various approaches have been 
investigated within the project to achieve a high resolution of 
the resulting stamp matrix. Concepts in which the stamp 
height is controlled by individual pneumatic, hydraulic or 
electric cylinders are not used because of the high costs. A 
system composed of a threaded pin and an automatic screwing 
device beneath this is not applicable due to the long setup 
times for the overall stamp field. A good compromise 
between response time and costs can be realized by the 
following system. The stamps are mounted on a common 
platform that can be moved in a vertical direction. The 
platform first moves up and then down in the next step. The 
stamps follow the movements of the platform. When a stamp 
reaches its desired target position it can be held in place by a 
specially designed clamping mechanism. 
In order to smooth out the discrete levels between the stamps, 
these are fitted with the most suitable stamping heads. The 
interpolation mat is mounted on top of these so as to avoid the 
slack between the stamp heads and therefore an unacceptable 
waviness in the final product. The choice of the optimum 
stamp head design is described in the results section. The 
interpolation mat mounted on the stamping heads is designed 
by means of finite element simulation. The elasticity of the 
mat can be calculated through a simulation that considers all 
external influence factors. An interpolation mat optimized in 
this way can be built to realize the desired radii and 
simultaneously the tolerated sag. Any waviness in the plastic 
material caused by the stamps can also be minimized [8]. 
x  
Fig. 7. Flexible forming machine 
5. Results 
5.1. Results of Initial Experiments 
Forming tests were carried out on a vacuum forming machine 
to examine the effects of stamping heads and the interpolation 
layer. The effects of stamping heads and the interpolation 
layer on the test setup described above were also studied in 
these tests. It was discovered that the amount of vacuum 
applied is crucial for the waviness of the formed part. 
Experiments showed good results for simple forming and 
stretch forming.  
The reason for the great influence of vacuum lies in the 
pressure applied over the entire surface area. The vacuum 
draws the plastic disk and the interpolation mat through the 
gaps between the stamp heads. The projected image in Figure 
8a shows the slack between the stamps. The darker areas are 
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higher than the lighter areas. In this example the influence of 
the air holes in the interpolation mat can be seen. They are 
distributed randomly at the same positions as the middle of 
the stamp heads. The darker color at these points is unrelated 
to the air holes. The sag in a sectional image is clearly visible 
in Figure 8b. The component was cut open for this picture; 
this test is therefore a destructive test. The positions of the 
stamps are clearly visible in the illustrated part. Even if the 
sag appears clearly as a ripple in the cross-section of the 
material, it is hard to measure by simple mechanical methods. 
More precise optical methods have to be used to measure the 
sag and to determine the ripples on the surface of the plastic 
disc quantitatively. In practice, this quality assurance is 
usually performed by an experienced worker. 
a 
 
b 
 
Fig. 8. Results of experiments. 
5.2. Results of the Simulation 
A diagram comparable to the real forming results can be 
output in Matlab using the data from the FEM-Simulation. 
The section line runs diagonally through the simulated part 
cutout. Figure 9 shows the curves of the two geometries 
shown. The solid line shows the section of the desired 
geometry, the dashed line represents the section of the 
simulative formed geometry. 
 
Fig. 9. Set and actual curve in a section diagram from the simulation. 
High demands are made on the optical quality of the forming 
for transparent plastic panels. A quantitative evaluation of the 
quality of the formed parts is possible with simulation 
methods by developing an automated evaluation method. 
Settings for values can thus be identified and varied so that 
optimum process parameters can be determined before the 
start of production. It is even possible to perform a virtual 
start of the form flexible tooling system. The differences 
shown in Figure 9 can be reduced considerably. Very good 
approximations of the constructed and the real geometry are 
possible with an appropriate adjustment of the process 
parameters for the system presented here. In an optimized 
system there is hardly any difference between the actual and 
target geometry. The quality of the forming result can 
therefore be improved directly by the proposed method. 
The simulation is used to predict the forming results and to 
optimize the geometry of the stamp heads as well as the mat 
thickness. Figure 10 shows two different stamp head variants. 
On the left we can see a round stamp head and on the right a 
square one. Figure 11 and Figure 12 show the corresponding 
intersections from the simulation. The square head design 
provides much better results. To get an idea of the impact of 
stamp head geometries, a total of 20 variants were simulated 
under various environmental conditions. Ultimately, the 
simulation showed that the optimum stamp head geometry is 
the square one. This was the result for a geometry with a 
radius of 300 mm. The optimum stamp head design may 
differ for other geometries. 
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Fig. 10. (a) Round stamp head variant; (b) Square stamp head variant. 
 
Fig. 11. Set and actual curve in a section diagram from the simulation for 
round stamps. 
 
Fig. 12. Set and actual curve in a section diagram from the simulation for 
square stamps. 
According to the analysis, the thickness of the interpolation 
mat has only a minor influence on the target sizes. A thicker 
interpolation mat has a positive effect on the order of 
magnitude of the sag and the geometry accuracy. The 
elevation increases slightly with the thickness of the 
interpolation mat. A good compromise could be found with 
the data obtained from the experiments and the simulation. 
The thickness used in the demonstrator is 10 mm. 
Different radii from 300 mm up to 800 mm for the 2-
dimensonal and 3-dimensional geometry were tested with 
stretch forming and vacuum forming to detect potential limits 
of the form flexible tool using the square stamps. The results 
for stretch forming showed that 2-dimensional geometries up 
to a forming radius of 300 mm can be formed with the form 
flexible tool with no loss in accuracy of the formed shape of 
the plastic panel. A decline was detected for radii smaller than 
600 mm in the 3-dimensional geometry.   
Figure 13 shows the influence of the vacuum that is applied in 
a simulation with the square stamp head variant and a flat 
plastic sheet. The average deviation measured is directly 
proportional to the waviness. The increase in waviness is 
lower when the vacuum is increased. This can be explained by 
the material model which is used to model the plastic in the 
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simulation. The vacuum already causes some stress in the 
material. The material now stretches lower due to a further 
increase of the vacuum. Thus, a relatively low vacuum leads 
to significant waviness on the surface. The vacuum applied in 
vacuum forming machines is typically around 0.7 bar. Some 
improvements will thus have to be made in the future if 
flexible tooling is to be used in the field of vacuum forming. 
 
Fig. 13. Average deviation for a different amount of vacuum 
6. Profitability analysis 
Expensive traditional mould blocks can be replaced by 
flexible forming. The costs that can be saved by this 
replacement depend on the material that is used for the mould 
block. Common materials are wood, polyurethane foam and 
aluminium. A flexible forming alternative results in a 
different break-even point for every material. The following 
profitability analysis is based on the costs shown in Figure 14. 
A geometry of the size 500 mm to 1000 mm was considered. 
 Flexible form Wood form Polyurethane 
foam form 
Aluminium 
form 
Investment € 260,000 - € - € - € 
Running costs € 180  € 1,064  € 1,208 € 2,258 
Fig. 14. Expenses for flexible tool and mould blocks 
The amortization for the different materials is shown in Figure 
15. Wooden forms can be profitably replaced for amounts of 
more than 295 pieces. The replacement of forms made of 
polyurethane foam begins to pay off for 266 and more pieces. 
Replacing aluminium forms becomes profitable for amounts 
of more than 133 pieces. It should be remembered that 
aluminium is used for high-quality products. It is thus 
questionable as how far the replacement of mould blocks 
made of aluminium makes sense. The main application is the 
replacement of wooden and polyurethane forms. 
 
Fig. 15. Profitability analysis 
7. Summary 
Form flexibility can save resources. Increasing resource 
efficiency in production offers a high financial and material 
potential. Flexible tools provide the ability to adapt to the 
changing demands of product design and therefore allow the 
economic manufacture of small quantities. The Fraunhofer 
Project Group for Resource-efficient Mechatronic Processing 
Machines in Augsburg therefore developed a reconfigurable 
tooling system for the thermoforming of plastic discs. The 
new tooling system allows the traditional mould blocks for 
forming plastic discs to be replaced by an adjustable field 
made up of a multitude of individual stamps. The mould block 
no longer has to be machined. The quality of the final shape 
geometry is a crucial factor when using flexible tools. For this 
reason, studies of the material behavior of plastic discs that 
are thermoformed on a flexible tool are of paramount interest. 
The process parameters for an improved forming result could 
be identified from experiments and simulations. This means 
that recommendations for an optimum adjustment of the 
machine can be made even before the actual forming process 
on the tool. Furthermore, the limits of the process can be 
identified and expanded. All in all, the experiments and 
simulations were used to enable optimal forming results.  
A large number of resources can be saved through the 
development of the application described in this article. The 
researchers see their work as a contribution to the responsible 
treatment of the environment and hope that it will help reduce 
costs in the forming industry. 
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